Objective: Because statins promote endogenous nitric oxide (NO) production in vessels by increasing endothelial nitric oxide synthase (eNOS), we evaluated the clinical benefit and efficiency of simvastatin in preventing the decrease in NO control of coronary blood flow (CBF), NO regulation of myocardial oxygen consumption (MVO 2 ) and decreased nitrite production in coronary microvessels, associated with pacing-induced heart failure (HF). Methods: Dogs (n = 17) were instrumented for measurement of coronary blood flow and left ventricular end diastolic pressure (LVEDP). HF was induced by pacing. Ten dogs were given simvastatin 20 mg/kg/day orally (HF + SIMVA) from the 10th day of pacing. Results: HF + SIMVA had a lower LVEDP at 4 weeks of pacing (18 F 1 vs. 25 F 1 mm Hg, p < 0.05), and the NO-dependent coronary vasodilation to veratrine was preserved compared to HF ( p < 0.05). In coronary microvessels, SIMVA potentiated nitrite production compared to HF ( p < 0.05) and enhanced the NO-dependent decrease in MVO 2 in cardiac tissue in response to 10 À 4 mol/l bradykinin, which was markedly blunted in HF ( p < 0.05). Using Western blotting, there was a reduction in eNOS protein during HF that was preserved at 4 -5 weeks of pacing during treatment with SIMVA. Conclusions: Simvastatin maintained NO production by coronary vessels and NO bioactivity during pacing-induced dilated cardiomyopathy. Targeting the endothelium, which participates in the control of myocardial metabolism by NO, may be an important mechanism of action of statins in the treatment of heart failure.
Introduction
Endothelium-derived nitric oxide (NO) inhibits platelet and leukocyte adhesion, participates in the control of vascular tone and the regulation of blood pressure. Furthermore, NO directly inhibits oxygen consumption by mitochondria at cytochrome oxidase and modulates substrate utilization [1, 2] . End-stage heart failure (HF) is associated with an endothelial dysfunction, a decrease in endothelialderived NO production by coronary blood vessels and a decrease in endothelial nitric oxide synthase (eNOS) gene expression, which contributes to cardiac decompensation [3, 4] . As a consequence of the loss of endogenous NO, endstage heart failure is associated with a depressed modulation of oxygen consumption [5] and myocardial metabolism by NO and, therefore, reduced efficiency in energy and substrate utilization [6] .
Inhibitors of 3-hydroxy-3-methylglutaryl-CoA reductase (statins) act through an upregulation of eNOS by inhibition of Rho geranylgeranylation to stabilize mRNA for eNOS and increase NO production by the endothelium [7, 8] . This mechanism may explain the beneficial effects of statins in atherosclerosis beyond their ability to lower cholesterol [9] [10] [11] . Statins can increase cerebral blood flow, reduce brain injury during cerebral ischemia [12] , reduce the incidence of ischemic stroke in patients with a history of coronary artery disease [13, 14] and improve coronary endothelial dysfunction [15] , all independent of their ability to reduce plasma cholesterol [16] .
We have already shown in normal dogs that simvastatin increased coronary vasodilation in response to veratrine in vivo and endothelial NO production by coronary microvessels in vitro and decreased tissue oxygen consumption in association with an increase in eNOS protein [17] . The aim of our study was to evaluate the potential clinical benefit of chronic administration of simvastatin during the development of pacing-induced dilated cardiomyopathy in awake dogs and the effects of simvastatin on NO dependent coronary vasodilation in vivo, on basal and stimulated nitrite production in isolated canine coronary microvessels and on NO-dependent regulation of MVO 2 in isolated cardiac tissue.
Methods

Surgical preparation
Mongrel dogs (n = 17, weighing 23 -27 kg) were premedicated with acepromazine (0.3 mg/kg IM), anesthetized with sodium pentobarbital (25 mg/kg) and then intubated and ventilated with room air. A thoracotomy was performed in the left fifth intercostal space using sterile surgical techniques. Tygon catheters (Cardiovascular Instruments) were placed in the descending thoracic aorta and in the left atrial appendage for the measurements of pressures and injection of drugs. A solid state pressure gauge (P6.5, Konisberg Instrument) was placed in the apex of the left ventricle (LV) for the measurement of the left ventricular systolic pressure (LVSP), left ventricular end diastolic pressure (LVEDP) and calculation of first derivative of left ventricular pressure (LV dP/dt max ). A Doppler flow transducer (Craig Hartley) was placed on the left circumflex coronary artery for measurement of coronary blood flow (CBF). A pair of pacing leads was sutured on the left ventricle in order to control heart rate (HR) during drug injection and for long-term pacing. The chest was closed in layers, the catheters and wires were run subcutaneously, exited in the interscapular area, and the pneumothorax was reduced. Antibiotics were given after surgery, the dogs were allowed 10 -14 days to recover fully from the surgery and were trained to lie on a laboratory table. On the day of the experiment, an intravenous catheter was inserted in a peripheral vein and attached to an infusion line for injection of the drugs. The protocols were approved by the Institutional Animal Care and Use Committee of New York Medical College and conform to the ''Guiding Principles for the Use and Care of Laboratory Animals'' of the National Institute of Health and the American Physiology Society.
Recording techniques and hemodynamics
Arterial pressure was measured by connecting the previously implanted catheter to a strain-gauge transducer (P23ID, Statham), and mean arterial pressure (MAP) was derived using a 2-Hz low-pass filter. LV pressure was measured from the solid-state pressure gauge, and LV dP/ dt max was calculated using a microprocessor set as a differentiator and having a frequency response flat to 700 Hz (LM 324, National Semiconductor). Triangular wave signals with known slope were substituted for the pressure signals to calibrate the differentiator directly. Left circumflex CBF was measured using a pulsed Doppler flowmeter (System 6, Triton Technology), and mean CBF was derived using a 2-Hz low-pass filter. Heart rate was monitored from the pressure pulse interval using a cardiotachometer (model 9857B, Beckman Instruments). All signals were recorded on an eight-channel direct-writing oscillograph (Gould RS 3800). The triple product, an index of mechanically related cardiac MVO 2 , was calculated as heart rate Â dP/dt Â LVSP.
Induction of heart failure and simvastatin administration
Heart failure was induced in 17 dogs. On the day of the experiment, dogs were placed on the laboratory table, and hemodynamic measurements and blood samples were taken. After the first experiment was performed as control, the heart was paced during the first 3 weeks at a frequency of 210 bpm, and then the pacing was increased to 240 bpm until overt heart failure was observed. Dogs were euthanized if LVEDP reached 25 mm Hg and/or clinical signs of severe decompensation were observed, i.e., dyspnea, ascites, pale mucosae, lethargy and anorexia. Pacing was performed using external pacemakers (model EV4543, Pace Medical) carried by the dog in a vest. In 10 dogs, simvastatin (HF + SIMVA) was given orally at 20 mg/kg once a day from the 10th day of the pacing protocol until the animal was euthanized. The first day of administration of simvastatin used in our study was determined from previous results [17] in normal dogs showing that a significant increase in coronary blood flow response to veratrine and eNOS protein was obtained after 10 days of oral administration of 20 mg/ kg simvastatin. As the cardiac decompensation generally occurs after the 21st day in this model of heart failure, the timing of administration of simvastatin was scheduled to allow sufficient time for simvastatin to upregulate eNOS. The seven remaining dogs constituted the control group (HF) and were historical controls [6] . Plasma total cholesterol was measured at control, Days 7, 21, 28 and sacrifice by a commercial firm (Tufts Veterinary School) as done previously [17] .
Studies in chronically instrumented awake dogs
Effects of veratrine and acetylcholine
On the day of the experiments, with dogs lying quietly on a laboratory table, baseline hemodynamics and CBF were recorded. Veratrine activates the Bezold -Jarisch reflex, a cardioinhibitory reflex that causes reflex cholinergic-endo-thelium-dependent coronary vasodilation [18, 19] . To avoid the bradycardia, the heart rate was fixed at 150 bpm. With the heart rate controlled, increasing doses of veratrine (1, 2, 4 and 8 Ag/kg) were administered through the left atrial catheter. Acetylcholine, an endothelium-dependent coronary vasodilator, was administered as an intravenous injection (5 Ag/kg) via a catheter inserted into a peripheral vein. For each drug, hemodynamics were measured before, during and after each dose. Following each dose, hemodynamics were allowed to return to baseline before the administration of the next dose.
Myocardial oxygen consumption
Myocardial tissue was isolated from an LV free wall of hearts. The myocardium was freed of epicardium, endocardium, connective tissue, fat and large coronary arteries and was cut in 20 -50-mg segments. The muscle slices were incubated for 2 h in Krebs -bicarbonates buffer (containing the following, in mmol/l: 118 NaCl, 4. Oxygen consumption studies were performed at 37 jC in a stirred bath (YSI 5301) containing 3 ml Krebs solution buffered with 10 mm/l HEPES (pH 7.4). Tissue respiration was calculated as the rate of decrease in oxygen concentration after the addition of muscle slices, assuming an initial oxygen concentration of 224 nmol/ml and was expressed as nanomoles of oxygen consumed per minute per gram of tissue. After measurement of baseline MVO 2 , cumulative dose -response curves were generated after addition of various pharmacological agents to separate tissue baths in increasing concentrations. Observation time for each dose was 5-7 min and muscle segments were used for each drug tested. Succinate, a substrate for complex II of the electron transport chain (1 mmol/l), followed by sodium cyanide, an inhibitor of cytochrome oxidase (1 mmol/l), were added after the completion of the concentration -response curve to each agonist to confirm that the changes in MVO 2 was from mitochondrial sources. The following drugs were added: bradykinin (10 À 7 to 10 À 4 mol/l) and S-nitroso-N-acetylpenicillamine (SNAP, 10 À 7 to 10 À 5 mol/l). To assess the role of endogenous NO production in mediating the effects of these agents on MVO 2 , the above studies were repeated after pre-incubation of the muscle segments with N G -nitro-Larginine methylester (L-NAME), an inhibitor of NO synthase (10 À 4 mol/l).
Studies in isolated coronary microvessels
Isolation of coronary microvessels from the left ventricle of dog heart was performed using the method originally developed by Gerritsen and Printz [20] , which we have previously described in detail [21] In brief, coronary microvessels were isolated free of large arteries, veins and myocytes by a series of steps involving sequential dissection, homogenization, sieving and glass-bead purification. Microvessesl were incubated with drugs to be tested for 20 min. Sulfanilamide (450 Al of 1%) and N-(1-naphthyl)-ethylenediamine (50 Al of 0.2%) were then added to each tube for diazotization of sulfanilic acid by NO. After 5-10 min of incubation at room temperature, the supernatant was removed from each tube. Formation of NO was measured as NO 2 , the major metabolite of NO in aqueous solution. Using a spectrophotometer (Ulvicon 930, Kontron Instruments), we measured the increase in absorbance at 540 nm and compared it with known concentrations of NO 2 . Data were expressed as mean F S.E., in picomoles per milligram of wet weight per 20 min of incubation. The effect of increasing doses of bradykinin (10 À 7 to 10 À 5 M) on NO 2 production in microvessels was studied with and without the NO synthase inhibitor L-NAME (10 À 4 M).
eNOS protein
Whole heart was homogenized from normal dogs, dogs with pacing-induced heart failure and dogs treated with simvastatin. Protein was extracted and eNOS and beta actin were identified by Western blotting as we have done previously [4, 17] . The ratio of eNOS to beta actin was used.
Source of the drugs
Simvastatin was obtained from Merck (Whitehouse Station, NJ). Bradykinin, acetylcholine, veratrine, SNAP and L-NAME were purchased from Sigma-Aldrich (St Louis, MO).
Statistical analysis
Hemodynamic results are expressed as mean F S.E.M. Data were analyzed using one-way measures analysis of variance, with Student -Newman -Keuls post hoc analysis to identify which means were significantly different from baseline (Sigma Stat, Version 2.2, Jandel Scientific, San Rafael, CA). Because the simvastatin-treated group had a longer time to euthanasia in comparison to dogs with heart failure, hemodynamics was analyzed using a two-way analysis of variance, from the 1st day to the 28th day of pacing, excluding the measurements recorded at 34 F 1 days in HF + SIMVA. The response in coronary blood flow to increasing doses of veratrine at baseline, 4 and 5 weeks pacing in HF + SIMVA was compared to the dose response in HF at 4 weeks, using a two-way analysis of variance. Correlation between actual changes in CBF and LVEDP was performed using linear regression analysis. The regression line was then represented with the 95% confidence intervals and the r 2 and p values were calculated. Nitrite production by microvessels was expressed as mean -F S.E.M. in pmol/mg wet weight/20 min. Differences of nitrite production between HF + SIMVA and HF were determined by a two-way analysis of variance with a StudentNewman-Keuls post hoc analysis. Baseline actual values of MVO 2 in normal dogs, HF + SIMVA and HF, in the presence or absence of L-NAME were compared by a Student's t test. The percent change from baseline in oxygen consumption caused by different drugs, in the presence or in the absence of L-NAME, was expressed as mean F S.E.M. The responses in each condition for the maximal dose used for each drug were compared to baseline and after L-NAME with the use of a Student's t test. Differences in densities of Western blots were determined by unpaired t test. For all statistical analysis, significance was accepted at p < 0.05.
Results
Time to euthanasia and heart weights
Time to euthanasia in HF + SIMVA (34 F 1 days) was longer than in HF (29 F 2 days, p < 0.05). The LV weight was higher in HF + SIMVA (99 F 7 g) and HF (96 F 6 g, p < 0.05) compared to normal dogs (72 F 4 g, p < 0.05). Plasma total cholesterol was 148 F 12 and 163 F 11 at control and Day 7, prior to the administration of simvastatin. Total cholesterol fell to 96 F 6, 77 F 6 and 65 F 6 at Days 21, 28 and sacrifice ( p < 0.05 from control) during administration of simvastatin. These data indicate that simvastatin was active during the last weeks of pacing, i.e., during cardiac decompensation.
Hemodynamics
Changes over time in LVEDP are shown in Fig. 1 . The LVEDP was significantly increased at Day 21 in both groups. At 4 weeks, the LVEDP was 25 F 1 mm Hg in HF and 18 F 1 mm Hg (p < 0.05) in dogs treated with simvastatin and reached only 21 F 1 mm Hg at 34 F 1 days. This occurred despite the heart being paced at 240 bpm for an additional week. Other hemodynamic data are summarized in Table 1 . In both groups, LVSP and mean arterial pressure were decreased after the 7th day of pacing, and the time course were not significantly different in HF + SIMVA and HF. Left ventricular dP/dt max was decreased 7 days after the beginning of pacing in both groups, but remained higher in dogs treated by simvastatin ( p < 0.05). In both groups, CBF did not change significantly during the progression of heart failure and was not different between the two groups. The magnitude of increase in heart rate was not different between the two groups and changes in triple product paralleled those of dP/dt max . LVEDP, mean AP and dP/ dt max were not significantly different in HF at 29 F 2 days compared to HF + SIMVA at 34 F 1 days.
Effects of veratrine on the coronary circulation
The actual changes in CBF are shown in Fig. 2 . With the heart rate controlled by pacing the heart at 150 bpm, left atrial injections of veratrine at 1, 2, 4 and 8 Ag/kg caused dose-dependent increases in CBF from 3 F 1 to 22 F 2 ml/ min. End-stage heart failure was associated with a significant decrease in the dose response to veratrine ( p < 0.05, n = 6), with a maximal change in CBF of 10 F 2 ml/min after injection of 8 Ag/kg of veratrine. After 4 weeks of pacing in HF + SIMVA, the dose response to veratrine was decreased in comparison to baseline (20 F 4 ml/min at 8 Ag/ kg veratrine, n = 8, p < 0.05), but it was significantly higher as compared to HF ( p < 0.05). Moreover, this intermediate response was still observed at 34 F 1 days (18 F 5 ml/min at 8 Ag/kg veratrine, n = 5, p < 0.05 vs. baseline and end-stage heart failure).
Correlation between actual change in CBF and LVEDP
The relationship between the actual change in CBF after injection of 8 Ag/kg veratrine and LVEDP measured at the beginning of the experiment is shown in Fig. 3 with the 95% confidence intervals (r = 0.64, p < 0.05). All the points were fit to a single relationship indicating that simvastatin prolonged the time to cardiac decompensation and did not prevent it.
Effects of veratrine on hemodynamics
With heart rate controlled by pacing at 150 bpm, in each group, the changes in LVSP, dP/dt and mean arterial pressure in response to injections of 8 Ag/kg veratrine were not altered after the development of heart failure. However, during the last experiment in each group, the percentage changes in LVSP were higher in HF than in HF + SIMVA: À 18 F 4% vs. À 7 F 1% ( p < 0.05), with a decrease to 85 F 5 and 95 F 5 mm Hg, respectively. The percentage decreases in mean arterial pressure after 8 Ag/kg veratrine were not significantly different in HF in comparison to HF + SIMVA: À 25 F 6% vs. À 10 F 4%, with a decrease to 64 F 4 and 77 F 6 mm Hg, and LV dP/dt max decreased to similar values of 1331 F 79 and 1339 F 62 mm Hg/s, respectively.
Effects of acetylcholine on coronary circulation
In HF + SIMVA, the maximal actual change in CBF after a peripheral injection of 5 Ag/kg acetylcholine decreased from 38 F 4 ml/min at baseline to 32 F 5 and 26 F 8 ml/min at 28 and 34 F 1 days, respectively. This decrease was not significant. In contrast, in HF, the maximal actual change in CBF significantly decreased to 17 F 4 ml/min ( p < 0.05).
In vitro MVO 2 in normal, HF+SIMVA and HF
Baseline MVO 2 in isolated LV muscle segments from HF + SIMVA was significantly higher than in normal dogs treated with simvastatin (245 F 9 nmol g À 1 min À 1 , p < 0.05) but not different from HF (251 F 21 nmol g À 1 min À 1 , n = 6). Bradykinin and SNAP caused a dose-dependent reduction in MVO 2 (data not shown). The comparison of the maximal effect in the reduction of MVO 2 and the effect of L-NAME in normal dogs, HF + SIMVA and HF is shown in Fig. 4 . The effects of bradykinin 10 À 4 mol/l and SNAP 10 À 5 mol/l were not significantly different from their effects in normal dogs. However, the effect of bradykinin was blunted in HF, and significantly lower than in normal or HF + SIMVA. Pretreatment of the tissue with L-NAME did not affect the baseline Fig. 3 . Relationship between left ventricular end diastolic pressure (LVEDP) and actual change in mean coronary blood flow (CBF) with vertrine. With the heart rate controlled by pacing at 150 bpm, the actual increase in CBF after a left atrial injection of 8 Ag/kg veratrine was decreased during the progression of heart failure. In dogs treated with simvastatin (HF + SIMVA, n = 8), this decrease was delayed in comparison to untreated dogs (HF, n = 4). (258 F 11 nmol g À 1 min À 1 ) but attenuated the effect of bradykinin, but not SNAP (Fig. 4) in both normal dogs and HF + SIMVA.
Nitrite production in isolated coronary microvessels
The effects of increasing concentration of bradykinin on NO production in coronary microvessels isolated from HF + SIMVA and HF are shown in Fig. 5 . There was a higher basal nitrite production in microvessels isolated from HF + SIMVA compared with HF (64 F 13 vs. 42 F 4 pmol/mg) and bradykinin caused a greater concentration-dependent increase in nitrite production in microvessels from HF + SIMVA in comparison to HF ( p < 0.05).
At 10
À 5 mol/l bradykinin. Nitrite productions were 110 F 14 vs. 86 F 6 pmol/l in HF + SIMVA and HF, respectively. L-NAME inhibited the 10 À 5 mol/l bradykinin-stimulated NO production in both SIMVA + HF and HF (62 F 6 and 38 F 9 pmol/mg, respectively).
eNOS protein
There was a significant reduction in eNOS protein after pacing-induced heart failure compared to control (Fig. 6) . Simvastatin prevented the reduction in eNOS protein during pacing-induced heart failure.
Discussion
The most striking results of this study are as follows: (1) Simvastatin delayed the time of cardiac decompensation in pacing-induced dilated cardiomyopathy. (2) Simvastatin maintained the ability of coronary vessels to produce NO during heart failure. (3) Simvastatin prevented the downregulation of eNOS normally observed during the development of pacing-induced heart failure. It is clear from measures of plasma cholesterol that simvastatin was active, and reduced plasma cholesterol, during cardiac decompen- Fig. 6 . The ratio of eNOS to beta actin in heart from normal dogs (N = 5), those with pacing-induced decompensated heart failure (HF, N = 8) and those with pacing-induced heart failure treated with simvastatin (HF + Sim, N = 5) are shown. Heart failure is associated with a decrease in eNOS protein and this is prevented by administration of simvastatin. *p < 0.05 from HF. sation. Dogs were killed for ethical reasons because of clinical signs of end-stage heart failure, i.e., anorexia, cachexia, and edema and/or LVEDP over 25 mm Hg. However, despite the longer pacing time, the LVEDP at the time of sacrifice remained lower in dogs treated with simvastatin indicating that the benefit in the increase in survival might have been underestimated in simvastatintreated dogs. Two additional points should be emphasized with regards to the increase in LV EDP with heart failure (Fig. 1) . Firstly, our study was designed, based on a previous one [17] , so that eNOS production would be preserved 10 days following initiation of simvastatin treatment (i.e., by Day 24) . Clearly, this is when the curves start to diverge resulting in a reduced LV EDP at Weeks 4 and 5 in dogs treated with simvastatin. This supports the concept that statins are being effective in the treatment of heart failure. Secondly, the reduced EDP at 4 and 5 weeks occurred despite pacing the heart at 240 bpm. This stimulus to produce cardiac decompensation was not only high but remained for an additional 6 days.
In end-stage heart failure, there is a decreased ability to produce NO by coronary blood vessels and decreased NOmediated coronary vasodilation. The coronary vasodilation produced by the Bezold -Jarish reflex is mediated by an NO-dependent mechanism and can be inhibited by L-NAME and NLA [3, 22] In pacing-induced heart failure in awake dogs, the vagally mediated coronary dilation is selectively depressed as shown by Zhao et al. [3] and the impairment of vagal control of CBF after the development of overt heart failure is due to the inability of endothelium to produce NO. In dogs, the coronary vasodilation caused by acetylcholine is also blunted after pacing-induced heart failure [3] . In humans, studies showed that the coronary dilation in response to acetylcholine was decreased in dilated cardiomyopathy [23, 24] with an impairment of endothelium dependent dilation of coronary microvasculature [25, 26] and peripheral vasculature [23] . In vitro studies showed a decreased ability of coronary microvessels isolated from human and canine failing hearts to produce NO in heart failure [27, 28] . Furthermore, the expression of eNOS mRNA and eNOS protein is decreased in blood vessels isolated from dogs with heart failure [4] .
The decrease of NO production by coronary microvessels is responsible for the decreased regulation of mitochondrial respiration by NO, which may contribute to the evolution of the disease process. The modulation of myocardial metabolism by NO may be one of its most important roles. NO regulates mitochondrial oxygen consumption by a direct and rapid inhibition of cytochrome oxidase by altering the affinity of O 2 for cytochrome c [1] . The high diffusibility of NO and the close proximity of endothelial cells to myocytes allow NO produced by the capillary endothelium to diffuse to the underlying myocytes to regulate O 2 consumption by mitochondria [29] Moreover, the low toxicity of NO at physiologic (nanomolar) concentrations and the low PO 2 in tissue facilitates the action of NO on cytochrome oxidase [30] . In our study, the inhibitory effect of endogenous NO on O 2 consumption after bradykinin was attenuated in heart isolated from dogs after heart failure. Recchia et al. [6] showed that the transition to decompensated heart failure was associated with a fall of cardiac NO production and a shift in cardiac substrate utilization with a reduction of myocardial free fatty acid utilization and an increase in carbohydrate (lactate and glucose) utilization [2] . Thus, the decreased release of NO from the vascular endothelium contributes to the depressed modulation of O 2 consumption and cardiac metabolism by endogenous NO after heart failure.
In contrast, in dogs treated by simvastatin, at 4 and 5 weeks, the dose response to veratrine significantly decreased in comparison to normal dogs, it but was still higher than in dogs with heart failure. This intermediate response in dogs treated by simvastatin, and the direct correlation between changes in CBF and the LVEDP after injection of veratrine and acetylcholine, demonstrates the ability of simvastatin to prolong the ability of coronary vessels to produce NO during the time course leading to heart failure, and to delay the onset of cardiac decompensation (i.e., the increase in LV EDP). In addition, in vitro, coronary microvessels isolated from dogs treated by simvastatin showed an increased production of nitrite in response to bradykinin in comparison to dogs with heart failure. Moreover, simvastatin enhanced the ability of bradykinin to regulate oxygen consumption in vitro during heart failure. This effect was decreased by L-NAME, but the response to the exogenous NO donor, SNAP, was not modified in either group of dogs, suggesting that underlying mitochondrial function was not altered by simvastatin or heart failure. These results demonstrate that simvastatin preserved the modulation of MVO 2 by bradykinin during heart failure in relation to an increase of NO availability in coronary microvessels. Interestingly, data showed that simvastatin increases the ability of angiotensin-converting enzyme inhibitors and amlodipine to regulate the NO-mediated regulation of oxygen consumption [31] . This synergistic effect, related to the capability of ACE and amlodipine to increase local kinin availability and statins to upregulate eNOS, as shown by Western blotting in our study, again supports the potential role of statins in the treatment of heart failure.
This study reinforces the concept that the endothelium should be considered as an important target in the treatment of heart failure. The preservation of coronary endothelial function in dilated cardiomyopathy is associated with a subsequent improvement in left ventricular function [24] . Angiotensin-converting enzyme inhibitors, in addition to the reduction in angiotensin II formation, improve endothelial function [32] through the increased production of endogenous NO by inhibition of endothelial kinin degradation. This property may contribute to the beneficial effects of ACE inhibitors in heart failure via control of local vasodilation and control of oxygen consumption. The correction of endothelial dysfunction by exercise training, as assessed by the preserved endothelial-mediated coronary vasodilation, aortic eNOS gene expression and peripheral vasodilation during heart failure, [33] is associated with a clinical improvement and increased exercise capacity [34, 35] . Statins have beneficial effects on endothelial function and this is associated with improvement of coronary artery disease [15] and graft vasculopathy [36] . The ability of simvastatin to increase coronary blood flow, increase NO production by the coronary microvessels and enhance the regulation of mitochondrial respiration in heart failure may account for the beneficial effect observed in this study, i.e., delay the increase in LVEDP. It is also possible that alterations in NO production in the peripheral circulation can contribute to the beneficial actions of simvastatin by reducing afterload and through other actions of NO in the periphery.
The ability of statins to enhance NO production is linked to inhibition of Rho proteins. Rho proteins are involved in several cardiovascular diseases [37] . The expression of prepro-endothelin-1 and statins can inhibit prepro-endothelin-1 expression [38] . However, we did not evaluate in this study the inhibition in the expression of endothelial vasoconstrictor agents such as endothelin-1, which may also account for part of the beneficial effects of statins in heart failure. Interestingly, overexpression of RhoA was associated with a dysregulation of sinus and atrioventricular nodal function and development of ventricular failure in mice [39] , but the mechanism of ventricular dilation and impairment of ventricular function remains to be elucidated. Treatment with statins restored baroreflex function in rabbits with pacing-induced heart failure in a recent study by Pliquett et al. [40] and was attributed to the non-lipid lowering effects of statins.
There are a number of limitations to our study. The first is the soft nature of the time to sacrifice as a measure of survival. Due to ethical reasons and need to harvest fresh cardiac tissue for in vitro studies and Western blotting, we did not allow the dogs to die. The lab personnel are all trained to recognize severe heart failure, and the dogs were routinely checked by the staff of the comparative medicine department morning and evening, including weekends and holidays. Also, because of the need for fresh tissue, the lab staff was on call to harvest tissue and perform experiments. Nonetheless, this measure of survival should be viewed with some caution. In this study, we did not measure the plasma levels of statins, and the dose was chosen based on a previous study. In this regard, we do not know the half-life of statins in the dog but did not observe side effects in either normal dogs or in the current study. We have focused our conclusions on the effects of statins on cardiac and coronary function; this does not exclude the possibility that some of the benefits of statins in our dogs were due to peripheral vascular effects as seen in patients. There were peripheral hemodynammic effects of both acetylcholine injection and intra-atrial injection of veratrine, however, these did not differ between the groups at any time point. Some historical controls for the paced animals were used in this study. Finally, our studies focused on the stimulation or the preservation of endogeneous NO production during the development of heart failure. During the treatment of heart failure, NO is administered in the form of organic nitrates, which have marked effects on preload and would, in a random fashion, substitute for endogenously produced NO.
In summary, our study indicates that simvastatin improved coronary endothelial function in heart failure. This effect was associated with an enhanced regulation of myocardial energetics by NO in heart failure. These results and the in vitro synergistic effects of statins and ACE inhibitors may have important clinical implications and suggest the combination of these drugs in the treatment of heart failure in patients. Finally, these results support and strengthen the concept of targeting the coronary endothelium in the treatment of heart failure.
